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ftBSTRACT 
A method has been generalized for the quantitative 
determination of polynitroaromatics via their molecular 
complexes with diphenylamine. The method seems attractive 
for even those compounds that give the same colours with 
the reagent. True ^_-,„ values for these classes of 
reactions a.re also reported. The reported thermodynamic 
method can be applied to those systems where there is 
a rapid attainment of equilibrium and where 
conventional spectrophotometric and kinetic methods 
apparently fail. 
In another study attempts were made to corelate R^ 
values for paper chromatography and TLC with the energy of 
the highest filled molecular orbitals of inactive models of 
hydrocarbon carcinogens, which were chromatographed in 
various solvent systems. Evidence was adduced to show that 
the role of physical interactions notably charge transfer 
cannot be ruled out. 
CHAPTER - 1 
GENERAL INTRODUCTION 
THE THEORY OF CHARGE TRANSFER COMPLEXES 
It has been known for a long time that hydrocarbons 
such as naphthalene react with picric acid to form a 
coloured substance. The nature of these coloured substances 
1 2 has only been recently understood. Briegleb ' suggested 
that the hydrocarbon-nitro compound adducts were the result 
of the electrostatic attraction between the localized 
dipoles of the nitro groups and the induced dipoles in the 
hydrocarbons. This theory could explain the bonding energy 
of a few kilocalories per mole which had been observed. 
However, the formation of colour could not be explained by 
3 
this theory. Pauling suggested that when a hydrocarbon 
molecule is close to picric acid (at a distance of a 3.5 A°) 
and also parallel to it then the dielectric constant of the 
environment of the picric acid molecule is affected. This 
effect results in greater optical absorption. The distance 
between the component molecules in a complex was shown by 
crystallographic measurements to be only slightly less than 
4—7 the van der Waal's distance . This observation finally 
removed the possibility that any sort of normal covalent 
bonding could be responsible for these complexes. On 
theoretical considerations too, the instant equilibrium in 
solution disfavours covalent bonding. 
In 1949 Benesi and Hildebrand reported that solutions 
containing an aromatic hydrocarbon and iodine had an 
electronic absorption band not present in either component 
9 
alone. In 1950 Mulliken suggested that complex formation 
occurs through an intermolecular charge-transfer transition. 
10 11 The detailed theory was put forward by him in 1952 ' . As 
a result of Mulliken's theory there has been a great 
stimulus to the developments in the study of the charge-
transfer (CT) complexes. A brief outline of his theory is 
presented here. 
Mulliken's Theory 
Mulliken defines a molecular complex between two 
molecules as an association somewhat stronger than ordinary 
van der Waal's association, of definite stoichiometry (1:1 
for most cases). The partners are very often already 
closed-shell (saturated valence) electronic structures. In 
loose complexes the identities of the original molecules are 
to a large extent preserved. The tendency to form complexes 
occurs when one partner is an electron acceptor and the 
other is an electron donor. We abbreviate the term donor-
acceptor complex to include all such associations and use D 
for an electron donor and A for electron acceptor. Most 
studies of complexes thus far have been made in solution, in 
solvents that ara as inert as possible. We may therefore, 
assume that the London dispersion interactions which are 
important between D and A in the vapour state, are very 
approximately cancelled by losses of solute-solvent 
dispersion force attractions when complex is formed from 
free donor and acceptor in solution. Roughly one donor-
solvent plus one acceptor-solvent contact is replaced by one 
donor-acceptor and one solvent-solvent contact. The theory 
of donor-acceptor complexes and their spectra as presented 
by Mulliken is a vapour-state theory, except for the 
omission of the London dispersion attraction terms. This 
theory after small correction for solvation energies is 
essentially valid for solutions in inert solvents. The few 
studies that have been made on vapour-state complexes are in 
general agreement with this theory but they show some 
puzzling features. 
The new band found by Benesi and Hildebrand is in the 
ultra-violet region for a solution of benzene and iodine 
dissolved in n-heptane. Similar bands also occur in the 
visible region for many other complexes. To demonstrate 
this a solution of tetracyanoethylene (TCNE) in methylene 
dichloride may be added to a series of aromatic hydrocarbons 
dissolved in methylene dichloride. Benzene gives a yellow 
solution, xylene an orange, durene a deep red, and 
hexamethylbenzene a deep purple. The -JT -electron 
molecules, ethylene and benzene can act either as weak 
donors or weak acceptors. Other things being equal, donor 
ability increases with decreasing ionization potential (I ); 
the acceptor ability with increasing electron affinity (E ). 
D A 
Among aromatic hydrocarbons I decreases and E increases 
n fy 
with increasing size; graphite with I = E is the extreme 
example and is in fact both a good acceptor and a good 
donor. Starting with any unsaturated or aromatic 
hydrocarbon, either its donor or its acceptor capability can 
be strengthened by the introduction of suitable substituent 
groups. The weak donor properties of benzene is fortified 
by adding more and more electron-releasing methyl groups 
(inductive effect) whereas the increase of nitro groups 
greatly fortifies the acceptor capability of the benzene. 
The two kinds of molecular complexes discussed above provide 
examples of n.v (strong) and of it - re (weak) complexes. The 
common types of donors and acceptors are listed in Table-1. 
12 G.N.Lewis explained coordination compounds or dative 
compounds (e.g.jRgN.BClg which can also be considered as an 
essentially stable molecular complex) in terms of a 
structure with sharing of the electron lone pair of the 
nitrogen atom between the N and B atoms. By this sharing the 
N atom as well as the B atom are surrounded by a complete 
octet of outer-shell electrons. This sharing can be 
expressed in quantum-theory language by an approximate wave 
function "vj/" that is a combination of two resonance 
structures (D here is R3N, A is BCI3): 
•XJ/" f^  (AD) rr: a'(^^ (A,D) + b l^^ (A~-D"^) (1) 
no-bond dative 
The dative structure corresponds to an ionic plus a covalent 
Table-1 
Common Types of Donors and Acceptors 
Donor 
type 
n 
b-^  
Example 
:NR3 
Benzene 
Dative 
electron^ 
from 
Non-bond ing 
lone pair 
Bond ing -ft 
orb i tal 
Acceptor 
type 
V 
a-rt 
ao' 
Example 
BCI3 
TCNE 
Dative 
electron 
goes to 
Vacant 
orb i tal 
Ant ibonding 
if -orbital 
Ant ibond ing 
0^  -orbi tal 
"Dative electron" refers to the electron transferred from 
donor to acceptor. 
Molecules such as phenol, water, and other molecules that 
give hydrogen bonding. 
bond and has sometimes been called a semipolar double bond. 
The interpretation of the N-B dative bond in the complex as 
given by (1) is analogous to the approximate ionic covalent 
resonance interpretation of the chemical bond in HCl : 
•^(HCl)=:i a^^Q (H'^,C1 ) + h'^^ (H - CI) (E) 
ionic covalent 
In both examples b >> a. The inclusion of the no bond 
structure in (1) is even more important than that of the 
ionic structure in (S). 
Complexes are classified as strong or weak depending on 
whether the energy of formation and the equilibrium constant 
(K) are large or small. Increasingly strong donors and/or 
acceptors form increasingly stable complexes. 
K 
A + D V — ^ A.D 
Equation (1) shows that the complex is stabilized by 
resonance between '^ ^ and "sfi- The forces involved being 
called Charge Transfer (CT) forces. However classical 
electrostatic forces (including induction forces) also 
contribute to the stability of the complexes and may even be 
of predominant importance for the stability of the most 
hydrogen-bonded complexes and of the weaker of the complexes 
of the b.-iT - a. o^ and the benzene-iodine (b. Tt - a. cr' ) 
type 
In terms of the resonance structure description of (1) 
the structure of the ground state of any 1:1 complex is 
y ^ = a '^^ <A,D) + b ^ j (A~ - D"^ ) 
This function is normalized as follows: 
J'^N "^N d"^  = J ^ ^ t ° ^ """^  "i"'"^  ^ 1 ^ ""^  ^ /^abljr^ |^ri d-r (3) 
Since'llfj^ , ^ If^  and "l/j^  are all normalized hence 
/^N^ df = 1. /-^r/ dt = 1 andZ-^/^^ dt = 1 
Substituting these values in equation (3) We obtain 
b/to f a^ +Eab f'\\f„ y^f^ dt + b^ = 1 C^) 
h' r "uT. d"f is called the overlap integral and is 
represented by Soj^ with the integration carried over all 
space. If the complex is loose So< is small and 
a^ + b^ rii. 1 (5) 
p 
Here b approximately measures the weight of the dative 
structure or the fraction of an electron transferred from 
the donor to the accsptor in the ground state. The term 
p 
SabSoj, can easily be as large as b or larger. Half of this 
term can reasonably be assigned to the donor and half to the 
acceptor so that the fractions F and F* in the no-bond and 
dative structures are : 
FQ = a^ + abSoj^ , F,^  = b^ + abSoj (6) 
8 
In loose complexes between closed-shell donors and 
2 2 2 
acceptors b << a . For benzene.Ig? b is perhaps 0.06 or 
p 
less; for pyridine.Ig, b is approximately O.S; for 
P 
tr imethy lamine . Ig, b may be 0. A-. 
If the ground state structure of the complex (weak or 
strong) is given by ^k^ then according to quantum theory 
principles there must be an excited state "U/p where "H^£ 
refers to the CT state. >]/'£ is given by 
Xjr^  (AD) = a* yi<A~ - D"^ ) - b*'v(/'Q(A,D) (7) 
The coefficients a and b are determined by the quantum 
theory requirement that the excited-state wave function be 
orthogonal to the ground state function i.e. / "V^  M U''F dt = 0. 
The excited state function '^'£ is normalized as follows: 
h ^2 ^^ ^ 3*2 ^ ^*e _ g^* j^* g^^ ^ ^ (Q) 
This makes s ^ a and b ;=i b. If So^ were zero, a = a and 
b= b would be true exactly. 
For loose molecular complexes the ground state is 
2 2 
mostly no-bond that is a >> b . According to the 
orthogonality requirements the excited state is mostly 
dative i.e. a >> b . The excitation of an electron from 
\l/|yj to liTg- essentially amounts to the transfer of an 
electron from D to A. The theory further shows that 
spectroscopic absorption from '\|/ to j^f should occur with 
generally high intensity. 
Complexes have been studied mostly in solution but some 
studies have been made in solids ~ and in the case of 
n.v. compounds and also recently of a few complexes of 
27 PS 
weaker types in the vapour state ' . Complexes in solids 
even when of 1:1 stoichiometry do not always occur in the 
form of pairwise units. Studies in the vapour state are 
difficult because K is small and interference of overlapping 
spectra of the uncomplexed components is often severe. 
These difficulties BVB also found for solution studies but 
they are less troublesome because K is larger. The complete 
absorption spectrum of a complex consists of absorption due 
to the following: 
i) Locally excited states (states of A or of D, 
more or less but usually not greatly modified 
in the complex) . 
ii) CT states C \fg;j as in (7) and other CT states 
involving excited dative structures, for example 
4^0""* - A"), "ij^CD-" - A"* ) : . 
Figure 1 shows the change that occurs in the spectrum 
of iodine when it dissolves in n-heptane and then when 
ethanol is added ( ethanol is transparent upto HHO nm ). 
The peak of the CgHgOH.Ig CT band is marked in the figure, 
and the position of the shifted visible absorption band of 
Ig in the complex (a transition to a locally excited state) 
is also indicated. The contact CT band appears as a long 
wavelength shoulder on the ultra-violet iodine band when Ig 
10 
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Fig. 1 The apparent molar absofptivjty of I2 vapor and of I2 
and EtOH. I2 in n-h«ptane*' Here Is for I2 vapor, for I2 
in n-heptane, ond for I2 in n-heptone with 3.4M 
ethyl alcohol. 
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is dissolved in heptane. It is felt by some authors that 
the importance of CT forces in stabilizing the ground state 
of such complexes has been exaggerated. 
Dewar's Theory 
Mulliken's theory is a valence bond approximation in 
which the complex formed by a donor D and an acceptor A is 
represented as a resonance hybrid of the uncharged aggregate 
(a) and the ionic structure (b) formed from it by transfer 
of an electron from D to A. The appearance of a new band in 
the spectrum of such a complex is ascribed to a transition 
from the ground state which is mostly (a) mixed with a 
little (b) to an excited state which is mostly (b) mixed 
with a little (a). This transition is of CT type and the 
complexes have accordingly been termed CT complexes. 
DA D"^ A~ 
(a) (b) 
This problem has been approached in terms of molecular 
2S 
orbital treatment by Dewar and Lepley . The essential 
features of this treatment are presented below. 
The complex DA is represented as a Yt -complex formed by 
the interactions of the -^-orbitals of D and A. As the 
interaction is small it may be treated by the perturbation 
theory . Consider the orbitals of D and A (Figure 2 ) . 
Interactions between the filled bonding orbitals of D and A 
i-/. 
A N T I - BONDING 
M O ' 5 
LOCALLY 
E X C I T E D 
T R A N S I T I O N S 
BACK COORDINATION 
W 
C H A R G E 
T R A N S F E R 
T R A N S I T I O N S . 
B O N D I N G 
MO'S 
j r 
\ 1 
\ X 
t 4. 
D 
/ [ L O C A L L Y 
E X C I T E D 
T R A N S I T I O N S 
Fig. 2 O r b i t a l e n e r g i e s and t r a n s i t i o n s in a 
molecular complex fo rmed by a donor D 
and a c c e p t o r A, 
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lead to no change in their total energy and there is no net 
transfer of charge between D and A. Interactions of the 
filled orbitals of D with the empty antibonding orbitals of 
A depress the former and raise the latter leading to a net 
stabilization with a simultaneous transfer of negative 
charge from D to A; interactions of the filled orbitals of A 
with the empty orbitals of D also lead to stabilization with 
a net charge transfer in the opposite direction. These 
interactions are inversely proportional to the difference in 
energy between the interacting orbitals. In complexes of 
this kind one component is normally a molecule of donor type 
(i.e.,with filled orbitals of relatively high energy), the 
other an acceptor (i.e.,with empty orbitals of relatively 
low energy); the main interaction is therefore between the 
filled orbitals of the donor and the empty orbitals of the 
acceptor, as indicated in Figure 2; this leads to a net 
transfer of negative charge from the donor D to the acceptor 
A. 
The heats of formation of complexes of this kind are at 
least an order of magnitude less than their lowest 
transition energies; this suggests that the changes in 
energy of the orbitals in forming the complex are small 
compared with the spacing between the filled (bonding) and 
empty (antibonding) orbitals. The energies of the orbitals 
in the complex should therefore be little different from 
those in the separate components. All the possible 
transitions observed in D and A should therefore appear in 
14 
the spectrum of DA, and this is commonly the case. 
30 Transitions of this type are described as locally excited . 
There should also be CT transitions of electrons from a 
filled orbital of D into an empty orbital of A and from a 
filled orbital of A into an empty orbital of D. Figure ' S 
indicates that transitions of the former kind may occur at 
lower energies than the locally excited transitions and so 
lead to the appearance of new absorption bands at lower 
frequencies. This explains the new bands commonly observed 
in the spectra of such complexes which are responsible for 
their colour. 
Th^ is treatment leads to conclusions similar to those 
given by the valence bond approach, but it seems preferable 
for two reasons. First there are cases when more than one 
new CT band appears in the complex DA; this can be explained 
in terms of the molecular orbital approach as there should 
be bands corresponding to transitions between any of the 
occupied orbitals of D and empty orbitals of A. Secondly 
the term "charge-transfer complex" is misleading in that 
very little charge is transferred in the ground states of 
such complexes and in that an appreciable part of their 
stability may be due to back coordination involving 
interactions between the filled orbitals of the acceptor 
and the empty orbitals of the donor. The term " "JT -complex" 
seems preferable for compounds of this type. If the 
interactions between donor and acceptor are small, thp 
15 
transition energy /^ E^ ^ for the first CT band should by either 
treatment be given by 
AE^ = I^ - E*^  + constant (9) 
where I is the ionization potential of D (equal to the 
energy of the highest occupied molecular orbital in a simple 
molecular orbital approach) and E is the electron affinity 
of A (1ikewise equal to the energy of its lowest unoccupied 
orbital). If then the acceptor is kept constant, ^^o 
should vary linearly with the ionization potential of the 
donor; this relation has been observed in a number of 
cases . In the molecular orbital approach equation (9) is 
replaced by the more general equation 
AEj^j = D^ - Aj + constant (10) 
When CiE- - is the transition energy for the CT band 
J. J 
involving the filled orbital i of D (energy D-) and the 
empty orbital j of A (energy A - ) . This is equivalent to 
•J 
equation (9) in the case of first CT band, for the 
ionization potential of the donor should be equal to the 
energy of its highest occupied molecular orbital. If 
equation (10) is valid the energies of the CT transitions 
should be predictable from simple molecular orbital theory. 
Thus the energies of the first CT transitions for a variety 
of donors with a given acceptor should be a linear function 
of the energies of the highest occupied orbitals of the 
donors. 
16 
Classification af Electron Donor and Acceptor 
In this section we discuss the classification of 
various kinds of charge transfer type complexes according to 
charge transfer theory because the classification of these 
complexes seems to be important in the interpretation of the 
physico-chemical nature and electronic state of complexes. 
11 32 Mulliken ' proposed this kind of detailed classification 
(which is generally employed by many workers in this field) 
from the viewpoint of the molecular electronic 
state.Therefore we describe briefly the classification 
op 
according to the Mulliken nomenclature . 
A. Electron Donor The electron donor is first divided into R and E types. 
The former classifies the donor molecule as a radical with 
odd electrons; the latter, as the molecule with even 
electrons, as a.re the usual organic neutral molecules. The 
E type donor molecules are classified as n, cr and ii types, 
where the electron donating orbital participating in 
molecular complex formation is non-bonding, o^  and 7t -
orbitals represented by n, cr and -rt respectively. Typical 
examples are: the lone pair orbital of R3N, cr -filled 
molecular orbital of aliphatic hydrocarbon; and the il ~ 
filled molecular orbital of benzene etc, for n, o- and 
If types of donors respectively. Mulliken introduced here 
the terms increvalent or sacrificial, depending on whether 
17 
the CT complex formation leads to an additional valence bond 
formation or causes a weakening of the bonding in the donor 
itself. A donor molecule of n type belongs to increvalent 
donor because the transfer of an electron of lone pair 
electrons (which originally did not enter into bond 
formation) to the vacant orbital of an acceptor brings about 
a new bond D -A", i.e., a lone pair electron participates in 
a new bond formation and is called increvalent. On the other 
hand, o- and iT type donors are classified as sacrificial 
donors. When these donor molecules enter into CT complex 
formation, an electron (which occupied in most cases a 
highest filled molecular orbital) is transferred to the 
vacant MO of an acceptor. The result here is that the 
bonding in the donor molecule itself is weakened and then 
the donor is called the sacrificial type. 
B. Electron Acceptor 
Following the same approach towards the classification 
of electron donors, electron acceptors are also divided into 
Q and E types. The former denotes a radical acceptor 
molecule with odd electrons, and the latter is the same as 
in the case of electron donors i.e.,the E type of electrons 
grouped into v, cr and -rf types. Type v denotes the vacant 
orbital (v) acceptor, a vacant orbital of which belongs to a 
key atom of an acceptor molecule; a typical example is Sp 
vacant orbital of boron in the molecule BR^. When this 
18 
orbital enters into the CT type of complex formation with an 
amine R-aN, a new bond — N — B ~ - — is formed so that the v 
type of acceptor is increvalent. The acceptor orbitals of 
zy and It types of acceptors avG, of course, or and it type 
antibonding vacant molecular orbitals. If those orbitals 
participate in complex formation it is evident that the 
bonding within the acceptor molecule itself is weakened, as 
has been discussed in the case of the o" and -JT type donor 
molecules. Therefore the cr and -it types of acceptors are 
said to be sacrificial acceptors. Table-E summarizes the 
preceding discussion. 
One can now say that there will occur various kinds of 
CT complexes which are classified by the combination of the 
different donor and acceptor orbitals shown in Table-S. 
Table-g 
Classification of Electron Donors and Electron Acceptors 
19 
No, 
elec 
Odd 
Even 
of 
trons 
1 Functional 1 
1 type 1 
1 Radical 1 
1 Increvalent 1 
1 Sacrificial 1 
Donor 
Abbreviat ion 
R 
n 
cr , -n 
1 Acceptor 
Abbreviation 
1 Q 
V 
1 <=!' , a 
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MULTIPLE CHARGE-TRANSFER SPECTRA 
We can see from Table-3 that the intensity of CT 
spectra of the iodine-benzene complex is very large and that 
both the K value and the value of - A H increase 
proportionately with increasing size of electron donor 
hydrocarbons. However, the intensity of the CT spectra is 
inversely proportionate with increasing donor size. In 
particular, CT spectral intensity of the anthracene-iodine 
complex seems to be weaker than that expected from the 
assumption that the CT spectra may borrow much of their 
intensity from strong absorption bands of the donor itself. 
This assumption is valid because these catacondensed 
hydrocarbons have several lower excited states allowed 
strongly from the selection rule. In connection with this 
33 problem Murrell proposed the following discusssion. 
Generally the MO's of aromatic hydrocarbons spread over the 
whole molecule so that the overlap between the electron 
donor orbital and the accepting (o* , u of the lo molecule) 
orbital becomes smaller for large hydrocarbons than for 
smaller ones. As a result, the CT intensity of the iodine 
complexes with large hydrocarbons results in a weaker 
intensity compared with that of the complexes with small 
size hydrocarbons. At the same time the stability of the 
complexes should decrease with increasing donor size of 
hydrocarbons as CT theory suggests. Actually, however, K 
21 
Table-3 
Spectroscopic and Thermodynamic Data of Ionic Complexes 
with Some Aromatic Hydrocarbons 
Donor ^ (Temp_) 
'- sol V 
Crr ( '^max ) (solv) CT 
A H < 5 O 1 V ) 
K cal mole-1 
Benzene 
Naphthalene 
Phenan-
therene 
Anthracene 
0.15(E5°c)^ 
CCl,. 
O.S5(25'-'C)' 
CCl/. 
0.^5(E3°C)'^ 
CCl. 
3.0 (E3°C)'^ 
CHgClpjCClA 
16,'^00(E9E mp) (CCl^)' 
7,150(360 m)j) (hexaner 
7, 100(36-^ my) (CCIA.) 
-^ 550 at ^30 mp 
(^30 mp) (CCl^)' 
•1 .3(Hexane)' 
(CCl^)'^ 
-1.Bthexaner 
•1.6 (CCl^) 
a. L.J. Andrews and R.M. Keef er, J. Am. Chem. Soc. , 7ft, 4500 (195S) 
b. J.A.A. Ketelaar, J. Phys. Rad. , 15_, 197 (195^). 
c. R.M. Keefer and L.J. Andrews, J. Am.Chem. S o c , 77., E164 (1955). 
d. J.Peters and W.B. Person, J. Am. Chem. S o c , 86., 10 (1964). 
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and - A H values turn out to be larger with increasing size 
of hydrocarbons, i.e.,complexes become stable, as Table-3 
shows. 
The main reason for these results may be as follows: 
When hydrocarbons increase in size there appear many MO's 
whose energies are not so well separated from one another. 
Hence it is possible that the charge transfer is also 
brought about from deeper MO's as well as the highest 
occupied MO of hydrocarbons. Thus these CT states can 
interact with the ground non-bonding state, resulting in 
greater stabilization of the ground state. As a net result 
the complex becomes more stable as the ring size of 
hydrocarbon becomes larger. The CT bands caused by the 
charge transfer from deeper donor orbitals will be hidden 
under the absorption bands caused by the donors or acceptors 
themselves. 
Multiple CT bands, especially two CT bands, have been 
reported by many workers for various kinds of molecular 
complexes. A typical example is shown in Figure 3 . 
The Oscillatpr Strength and Transition Moment 
The theoretical oscillator strength is defined by the 
equat ion: 
theor -7 _ g 
f = ^.70^ X 10 x-D^a^ X ( ^^j) (11) 
23 
1-4 -
1-0 -
c 
0-6 
o 
o 
o 0-2 -
350 400 450 500 
wavelength (myu) 
550 
Fig.3 Two CT absorption spectra observed on the 
chloranil-substituted naphthalene TT-TT 
complexes in CCI4 : nophtholene, 
cc—chlornaphthalene ot-methylnaph — 
thalene. or—mcthoxynaphthalene. 
CReproduced from A. Kuboyama, J. Chem.Soc 
Japan,83, 376 (1962)J. 
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where, %)„-,„ is the maximum frequency of a charge transfer 
band and )->'rT ^ ^ ^^^ transition moment defined as: 
^CT = 0.0958 e 
A^) 1/E 
max 
^ 
max 
1/a 
-1 where, A'Oi/pis the half width in cm at half maxi 
( 12) 
mum. 
The experimental oscillator strength is given by the 
expression: 
fSxp = ^.319 X 10 J^a'^ 
f^xP = 4.319 X 10-''[f^^^ A ' ^ I / E ] ( 13) 
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SPECTRQPHOTOMETRIC DETERMINATION OF EQUILIBRIUM 
CONSTANT AND MOLAR ABSORPTIVITY 
The formation constant is defined for the reaction 
D + A ». * C, 
by the expression: 
Cc 
K = (1^) 
Here, for example, C^ is the concentration (in moles 
per litre) of the donor that exists in the solution at 
equilibrium. If we take solutions with a fixed total 
concentration C/> of A but with increasing concentrations of 
D,equation <1<^ ) implies that the concentration Cp of the 
complex C increases as shown in Figure 4. (The absorption 
observed may be that of the CT band or it could be 
absorption for a locally excited band of D or A, shifted in 
the complex). Since the absorbance AQ- due to C in a region 
in which the complex absorbs is given by Beer's law, 
Aj. = log = CC^l 
Here t is the molar absorptivity of C and 1 is the 
length in centimeters of the absorbing path. The value of 
A must increase as Cr, increases, as is seen from Figure h , 
depending on how large K is, C at maximum possible donor 
concentration ( region III of Figure A-, K > 1.0) or be 
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Cc 
FJgA The concentration of complex as a function of 
donor concentration for a fixed total acceptor 
concentration C^. Region I : CQ if approximately 
a linear function of c^. Region I I I : Saturation 
has been reached^ and Cr Is constont and equal 
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limited to region II <K d 0.1) or even to region I (K < 
0.01). (In the latter two cases the CQ scale in Figure A-
would, of course, be modified). 
As a specific example,the visible spectrum of the complex 
between pyridine-N-oxide and Ig is shown in Figure 5. This 
figure illustrates the increasing absorbance near A-50 nm of 
the complexed Ig and the decreasing absorbance near 5H0 nm 
due to the familiar locally excited band of uncomplexed Ig 
as the concentration of donor is increased, with an 
isobestic point at ^90 nm. The existence of this point 
confirms the assumption that only two species in the 
solution (complexed Ig and uncomplexed Ig) absorb in this 
region of the spectrum. 
Figure 5 also illustrates the problem of overlapping 
absorption of two species which often occurs. In principle 
a correction is made for the absorbance due to the 
uncomplexed Ig in order that the absorbance due to the 
complex alone may be obtained (illustrated by curve 6 in 
Figure 5 ) . In practice the details of this correction may 
be somewhat troublesome; for example we determine /^^  for 
the acceptor alone in a solvent and compute the correction 
A^ to be subtracted from the total absorbance Aj to obtain 
A Q , the absorbance of a D.A complex C. In doing so we 
usually assume that the absorption for uncomplexed A does 
not change when the solvent is changed by adding D. This 
28 
1-0 
? 0 . 5 
I 1 
6 
^ 5 \ 
/ 3 \ ^ 
1 / 
1 1 
1 
1 ° ^ -
1 
350 400 450 500 550 600 650 
Fi'g.5 The v"isible absorption spectrum of pyridine-N--ox?de' 
iodine in carbon tetrachloridc(23**C, 5-cm cell). Curve 1 
is for iodine (9550 X10" M). The concentration of 
—3 pyridine-N-oxide are 4.210x10 M for curve 2, 8-421 x 
-3 -3 
10 M for curve 3, 16.84x10 M for curve 4 and 33.68x 
-3 10 M for curve 5j curve 6 is a calculated curve for 
the absorption that is due solely to the complexed 
iodine molecule. [From T. Kubota^ J. Am. Chem. Soc.,87-
458 (1965)J. 
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assumption is at best questionable in the case of weak 
complexes, for which C^ has to be made rather large. 
From the corrected absorbance A Q at a given frequency 
"V for a series of concentrations C Q , the values of K and 
can be obtained using the method of Benesi and 
Hildebrand . The Benesi-HiIdebrand analysis starts from the 
assumption that only one equilibrium exists in the solution 
and that the constant is defined as in (14). Then, using a 
o 
zero superscript to denote the total concentration (CQ= C^ 
+ C Q , etc.), we have. 
o o o o o 
<CD - Cc) <C^ - C^) (Co Cft - C Q ) ^ 
K C^ Cf2 
- Cf^ + C^ (15) 
under the usual conditions (K small, A relatively insoluble) 
o o 
C Q is very much greater than C^, in order to form enough 
o o ' 1 
complex: C^ >> Cp^  > C Q . From Beer's Law C Q = Aj-./^^ ; hence 
to a good approximation. 
K Ac 
- Cp (16) 
Dividing by Cj^ t-v and rearranging, we obtain the Benesi-
Hi Idebrand equation : 
o 
IC^ 1 1 1 
= + (17) 
A^ K eO C° (rd 
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o o 
Here in a given experiment we know 1, C^ and C^; A^ is 
measured for a series of solutions with varying C^, and 
the results are plotted as shown in Figure 6. From the slope 
and intercept the values of K and ^ can be obtained. 
Other Thermodynamic Properties 
We can obtain AH° from measurement of K at more than 
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one temperatures using the van't Hoff equation 
AH° J AS° 
In K = ( ) + (18) 
R ^ R 
Assuming that A H ° is constant over the temperature 
range involved, a plot of In K against 1/T should then be a 
straight line whose slope gives AH° and whose intercept is 
AS°/R. In this way the enthalpy change AH° and the 
standard entropy change AS° for complex formation can be 
obtained. 
IR SpE?ctra 
Though charge transfer complexes have mainly been 
studied by uv-visible spectroscopy chiefly due to the 
possible isolation of the charge transfer band, IR 
spectrometry car\ give an idea about the geometry of the 
complex. In most complexes and specially in the weaker ones 
the IR spectra is merely a summation of the individual 
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0 U 8 12 16 20 24 28 32 36 
Fig.6 I l lus t ra t ion of the use of the Benesl-Hildebrand 
equation to obtain K and Cy at four wavelengths 
for the Triethylamine. I2 Complex- The intercept 
of each line is l / e^ ; the slope is d/Key J- CFrom 
S. Nagakura, J. Am. ChemSoc, 80,520 (1958)3. 
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spectra. However shifting of peaks may take place to lower 
or higher frequencies. The regions where there is a greater 
shift in electron density are the ones that give rise to 
more prominent peaks, enhanced intensity and greater 
magnitude in the frequency shifts. 
IR spectrometry can also be used to determine the 
association constants using the usual Benesi-HiIdebrand 
equation (17). For this it is necessary that a peak is 
chosen which is not overlapped by other peaks and has 
maximum intensity. The transmittance is measured and 
converted to absorbance directly. IR spectrometry is a 
useful tool to distinguish between charge transfer and 
hydrogen bonding. For example if aniline is involved in 
hydrogen bonding the N-H vibration in the complex will move 
to lower frequencies while in the case of charge transfer 
the reverse will be true. IR is also diagnostic of those CT 
complexes where there is almost complete transfer of an 
electron from the donor to the acceptor and highly 
conducting organic metals or semiconductors result. In this 
case there is usually no peak in the entire IR region. 
NIJR Spectrometry 
Just like IR, NMR spectrometry of CT complexes gives a 
summation of the spectra of the individual reactants. 
However this technique is only applicable to CT complexes 
between aromatic systems whereby there is a change in their 
33 
ring current giving rise to an upfield shift of the protons 
of the acceptor and a low field shift of the protons of the 
donor. This is because on complex formation electron 
density is transferred from the donor to the acceptor. 
There is a difference in evaluating association 
constants by NMR spectrometry than in electronic or IR 
spectroscopy. In this case the method of Hanna and 
36 Ashbaugh is used. The method is as follows: A small 
amount of the acceptor with a large amount of the donor is 
dissolved in an inert solvent like CCl^.. The acceptor 
concentration is kept constant while the donor concentration 
is varied. The various shifts are shown schematically 
below: 
Acceptor peak 
\. 
Ac 
<^A-^ 
s 
TMS Signal 
./\ Acceptor alone 
TMS Signal 
Pure Complex 
(not measurable) 
TMS Signal 
Equi1ibrium 
mixture 
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The association constant is obtained according to 
equat ion: 
1 1 1 1 1 
1 1 
AD A 
where is plotted against and K and A „ are 
evaluated from the slope and the intercept. 
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CHAPTER - 2 
DETERMINATION OF SOME FOLYNITROAROMATIC 
COMPOUNDS BV THERMODYNAMIC METHODS 
38 
INTRODUCTION 
Though spectrophotometric and kinetic methods of 
analysis enjoy great popularity, the corresponding 
thermodynamic methods have largely been applied to 
equilibrium reactions. Thermodynamic methods can facilitate 
the determination of even those substances that have 
strongly overlapping or identical maxima. Specificity can 
be introduced even in those cases where there is an 
identical colour. Even for analysis based on systems that 
attain equilibrium rapidly Beer's law has been 
indiscriminately applied to obtain 6max '^ ^^ li-'^ s- ^^ is now 
clear that in such cases a direct determination of ^max 
cannot be made because the degree of dissociation of the 
complex in solution is usually significant . An alternate 
method to evaluate 6™-,^ for such cases is described below. 
Kinetic methods can also obviously not be applied. 
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EXPERIMENTAL 
Nitrobenzene and m-dinitrobenzene were 
B.D.H.(Analar),o-dinitrobenzeneJ p-dinitrobenzene and 2,4-
dinitrotoluene were from Fluka, 3,5-dinitrobenzoic acid and 
l-chloro-S,A—dinitrobenzene were from E.Merck 
(Darmsdadt,G.R.). 
The above compounds were recrystal1ised from 
appropriate solvents till the melting points were in 
agreement with literature values. 
Solvents used were CCl^(B.D.H.), CH^Clg 
(B.D.H.)and ethanol. All analysis were carried out 
spectrophotometrically employing Bausch and Lomb 
Spectronic 1001 and Spectronic SO spectrophotometers 
applying the equations and procedures mentioned below. 
RESULTS AND DISCUSSION 
The charge transfer bands were isolated working with 
equimolar solutions <ca 0.04 M) of both reactants, for m-
dinitrobenzene complex the concentration of both reactants 
waa fixed at O.OS M. The Amax CT ^^ i^l^ s^ are reported in 
Table 1. Equilibrium constants K and ^^ax '^ '^"^  evaluated 
at the charge transfer maxima by employing different 
concentrations (known) of the polynitroaromatics (test 
substances). 
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The equation used was, the well known Benesi-
p 
Hildebrand equation . 
C A D Q 1 1 1 
max o ^max 
under the condition CD]„ >> CA3„. tD3„ in equation 1 
o o o ^ 
signifies the initial concentration of donor 
(dipheny lamine) and CA]^^ as initial concentration of 
acceptor (nitroaromatic) and A is the absorbance of the 
complex. C D 3 Q was in the range of 0.8 to 0,08 M and CAD^ 
was in the range 0.007 to 0.009 M. CAD^ was fixed a 
constant for one particular set of measurements while 
CD]|^ was varied. According to equation 1 a plot of CAD^/ A 
vs I/CDUQ should be linear with the slope equal to 
1 1 
and the intercept . A typical plot 
^max ^max 
is shown in Figure 1. Once reliable values of K and ^^ax 
3 
are so obtained the Pushkin-Varshney-Kamoonpuri equation : 
1 1 1 1 1 1 
= + ....(E) 
<=• K ^„3^ CAD„ CD:„ 6^^^ CA3, max o o max < 
is applied to samples of the acceptor whose concentration 
is not known and CAD evaluated. 
A plot of 1/A v/s 1 / C D 3 Q should be linear with a 
1 1 
slope equal to and an intercept equal to 
^ ^max '^ '^ o^ 
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Fig. 1 The Benes i -H i lderbrand plot for the 
evaluat ion of K and ( m o x ^ ' * ^ ^ known 
concent ra t ion of acceptor for the 
1 - c h l o r o - 2 , 4 - d l n i t r o b e n z e n e -
d ipheny lamine sys tem. 
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1 1 
The slope is a constant since CAD^ is 
a constant. K and ^^^j^ values are fed in the slope of 
equation 2 from equation 1 and ^^"^a evaluated. All 
analytical results are reported in Table 1. A typical 
plot is shown in Figure S. Though all nitro compounds 
give yellow coloured complexes they can be made specific by 
evaluating K which will be a characteristic constant 
for the particular test substance and by evaluating CAIl , 
the method can be used for the quantitative analysis of A. 
One big advantage of the method stems from the fact that 
once K and ^max have been determined the analysis can 
be carried out on a single sample of A. 
It is evident the method can be applied easily to trace 
analysis as well. Most methods for the 
spectrophotometric determination of polynitroaromatics 
suffer from the disadvantage that the colours 
produced are unstable or non specific. 
The interaction of diphenylamine with nitroaromatics 
seems to be a straight forward case of charge transfer 
complexes. The charge transfer bands have been isolated in 
each case and K and 6'max '^^ t^l^ '^tsd. 
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CD3o 
Fig. 2 The P u s h k i ' n - V a r s h n e y - K a m o o n p u r l 
plot for the eva lua t ion of C ADoCunknown), 
for the 1 - c h l o r o - 2 , A - d i n i t r o b e n z e n e -
d ipheny lamine system. 
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CHAPTER - 3 
THE POSSIBILITY OF CHARGE TRANSFER 
IN THE CHROMATOGRAPHIC BEHAVIOUR 
OF MODEL CARCINOGENS 
46 
INTRODUCTION 
Cancer is not a single disease: it is the term which 
describes that whole range of conditions which involve cell 
malignencies. Chemical carcinogens include certain aromatic 
hydrocarbons, aromatic amines, urethanes, nitrogen mustards, 
carbontetrachloride as well as a variety of inorganic 
substances . The term "chemical carcinogenesis" is 
consequently a blanket expression which covers what is 
almost certainly a wide variety of biochemical mechanisms. 
Though many aromatic hydrocarbons form well defined 
charge transfer complexes with electron acceptors both in 
the solid phase and in solution, there is usually no 
satisfactory correlation between the energy of the highest 
filled molecular orbital of the donors and some properties 
of the complex. Since physical interactions play an 
important role in chemical carcinogenesis it was felt 
worthwhile to study the paper chromatographic behaviour with 
biologically inactive models of hydrocarbon carcinogens. 
Some examples of results from thin layer chromatography are 
also considered. 
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RESULTS AND DISCUSSION 
Charge transfer complexes are well characterised by a 
parabolic relationship of the form : 
h^CT = I^ - Ci 
C2 
jD-Ci 
where h v Q j is the transition energy of the complex. I is 
the ionisation potential of the donor and C^ and Cg are 
constants. 
If this refined relation is obtained it can suomoto be 
said that charge transfer is involved. 
We have plotted the R^ r and R|^  values of various 
hydrocarbons with their energy of the highest filled 
molecular orbital(EHFMO),in various developers using paper 
chromatography and thin layer chromatography (TLC). Figures 
1 to 9 signify such relations in different developers. It 
is clearly seen that in most cases refined parabolic 
relationships of the general form : 
R^ = EHFMO - C^ + 
Cg 
EHFMO + C^ 
are obtained . It is therefore evident that these model 
carcinogens also react through physical interactions which 
may often be powerful or dominant. Therefore, it seems the 
ro]e of physical interactions notably charge transfer in 
cancer cannot completely be ruled out. 
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Table -1 
Index of Hydrocarbons 
S.No. 
1 
E 
3 
-^  
5 
6 
7 
8 
9 
10 
11 
le 
Compound 
Anthracene 
Phenanthrene 
Pyrene 
Benz(a)anthracene 
Benzo(a)pyrene 
Perylene 
Chrysene 
Dibenz(a,h)anthracene 
Ben2o(e)pyrene 
Anthrathrene 
Tr iphenylene 
Caronene 
EHFMO 
O.-^ l 
0.61 
0.4^ 
0.-^ 5 
0.37 
0.35 
0.52 
0.47 
0.50 
0.30 
0.68 
0.54 
All values of R^ and R^ from Reference S. 
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0.60 
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cr 0.20h 
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0-0 
Developer : T o l u e n e -
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EHFMO 
Fig. 1 Parabolic relationship between Rf and EHFMO of 
To I gene -Met ha no I-Water (1:10:1) system. 
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1.0 
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Deve loper ; Et h a n o l - T o l u e n e -
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JL 
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